Abstract. In this paper, we have analyzed the interplanetary magnetic field (IMF) obtained by ACE satellite during the coronal mass ejection events. The characterization of the IMF fluctuations was performed using the singular power spectra deviations obtained from a wavelet transform modulus maxima (WTMM) approach. The results suggest the existence of different multifractal processes driving the intermittency during and after the CME events on the IMF time series. The characteristic time scales found, using the WTMM, and possible related physical mechanisms are discussed in the context of nonlinear interplanetary magnetic field response.
Introduction
Geophysics time series are often generated by complex spatio-temporal dynamics of which nonlinearity and scaling are the most important processes. In particular, the time series from a space environment such as the interplanetary magnetic field (IMF) presents several kinds of phenomena which are important to study due to the consequences over the Earth (Gonzalez et al., 1999) . It presents a regular component (e.g. the solar daily variation or "Sq"), whereas it presents other irregular components due to geomagnetic disturbances caused by the solar wind-magnetosphere coupling, which is a remarkable nonlinear process. From the point of view of space weather, the study of irregular geomagnetic oscillations in solar-terrestrial physics is very important due to adverse effects on data transmission by satellites, power lines, and many others. Thus, the systematic study of the statistical properties of complex magnetospheric variability and their relations to the solar wind has attracted a growing interest (e.g. Chapman et al., 1998; Chang, 1999; Kovács et al., 2001; Lui, 2002; Vörös et al., 2002) . Recently, Papa et al. (2006) and Papa and Sosman (2008) , who have been working with time series of the geomagnetic field time series obtained during disturbances, have shown that it is possible to find some universal characteristics such as a threshold system as the source of such perturbations.
The main issue in the analysis and interpretation of the IMF time series is to describe the multifractal aspects of the CME events. The intermittency leads to deviation from usual Kolmogorov turbulent velocity structure functions (Kolmogorov, 1941) , and its main signature is the spectrum of singularity exponents, f (α), which represent a power-law scaling-free dependence (Frisch, 1995) . For solar wind turbulence, the so-called multifractal p-model (Halsey et al., 1986; Meneveau and Sreenivasan, 1987) describes how solar wind energy can be distributed among scales following a multiplicative rescaling structure. Actually, the multifractal analysis, in contrast to the traditional power spectrum analysis, has shown that the Holder exponents, for local singularity, are time-dependent showing that the flux energy at a given scale is not homogeneously distributed in time as in the traditional homogenous 1/f α turbulent spectrum. This fact suggests that the fluctuations can be described with a multifractal scaling law associated with intermittency where other nonlinear and coherent processes can coexist (Vörös et al., 2002; Weygand et al., 2005; Wanliss et al., 2005) . In our approach, it is considered that the intermittency behavior is associated with the multifractal turbulence model (Muzy et al., 1991) . Thus, this study deals with the multifractal analyses of the IMF records that are fully intermittent, and, in this sense, the continuous wavelet transform and its maxima can be used to reveal the structure of this irregular time series and its correspondent relevant time scales. In this figure, regions where the CME occurred were marked according to the classification from Richardson and Cane (2004) (http://www.ssg.sr.unh.edu/ mag/ace/ACElists/ICMEtable.html), totalizing four events. Thus, the analysis has been carried out in two parts of the time series: the first part includes the CME event and the other part after the CME event. Table 1 shows the days of the year for each event. It is important to mention that the main objective was to select different events in the sense that each one has a peculiar variability pattern. Thus, we believe that we would be getting the most general results. There may be other types of events between March 2001 and November 2003. However, considering a common physical process, its statistical characteristics related to the pattern of variability should not vary significantly. Moreover, we consider the present analysis a complementary one of those events with which we had earlier work (Bolzan et al., 2005a (Bolzan et al., , 2009b Sahai et al., 2005) .
Data and methodology
Several authors have analyzed the interplanetary data records of solar wind speed (slow/fast) to study the intermittency degree (for an extensive review, see Bruno et al., 2001) . Burlaga (1991) concluded that the solar wind is made Table 1 . Start and end of CME events used in this work. This classification was carried out by Richardson and Cane (2004) .
Event Start of CME End of CME of a mixture of sheets and space-filling eddies of different sizes. Marsch and Liu (1993) showed that the slow solar wind is more intermittent than the fast solar wind. Bruno et al. (2001) , by using a new method based on the wavelets, identified the flux tubes convected by the wind, which tangle up in space. Due to the importance of the solar wind on the intermittence in interplanetary environment, Fig. 2 shows the solar wind time series for the same periods of the IMF time series used in this work. Data sets were obtained from SOHO satellite on the home page (http://sohowww.nascom. nasa.gov/). We can notice that the first two events of CME (numbers 1 and 2) are characterized by a slow solar wind (≈550 km s −1 ), approximately, while the two last events are characterized by a fast solar wind (more than 750 km s −1 ). Besides, Marsch and Liu (1993) have mentioned that the slow solar wind is more intermittent than the fast solar wind; both kinds of solar winds contribute to intermittence on interplanetary environment. Recent studies on scaling and singularity characteristics of magnetospheric fluctuations into the MHD flow system, considering solar wind and ionospheric phenomena, suggest that the near-Earth magnetosphere is a non-homogenous interconnecting multi-scale environment where spatio-temporal variability is intermittent and multifractal turbulence can coexist with coherent global processes and self-organized criticality (Vörös et al., 2002) . As the inhomogeneity involves the singular behavior of the energy distribution in physical space resulting in strong gradients, or intermittency in the timeseries of the energy related physical quantities of the system, e.g. velocity (Rodrigues Neto et al., 2001; Ramos et al., 2004) , temperature (Bolzan et al., 2002) or magnetic fields (Kovács et al., 2001; Lui, 2002) , an appropriate characterization of the IMF fluctuations is insured based on the multifractal spectra, τ (q), and singularity spectra, f (α), which quantifies the deviations of the observed singularities α from the expected value and gives a measurement of the intermittency level (Vörös, 2000) . The underlying time scales involved in the intermittent level and their different types of τ (q) and f (α) spectra can characterize the fluctuation-driven mechanism, for example, involving coherent structures or intermittent interplanetary magnetic field responses from CME events influence.
Among a few methods for multifractal analysis, we have considered, in order to obtain the singularity spectrum, f (α), the wavelet transform modulus maxima (WTMM) (Muzy et al., 1991) . The basic idea behind the WTMM method is to describe the partition function over only the modulus maxima of the wavelet transform of the signal. Thus, as given by Enescu et al. (2006) , this transform is written as
where s is the scaling factor, b is the location parameter, ψ * is the complex conjugate of the continuous wavelet function and f (t) is the time series under analysis. Due to the variability pattern of our data, we have used the Morlet wavelet function given by
where K = 5 is recommended in practice, but can be modified. The scaling and translation of this wavelet function are performed by the parameters s and b. While the scale parameter s stretches (or compresses) the mother wavelet to the required resolution, the translation parameter b shifts the basis functions to the desired location. It can be shown that the wavelet transform can reveal the local characteristics of f at a point x 0 . More precisely, we have the following power-law relation:
where α (x 0 ) is the Hölder exponent (or singularity strength). The wavelet transform of f (t) is able to show the invariance with respect to some renormalization operations involving multiplicative cascades. This means that there is a hierarchy of the WTMM that has been used to define the partition function based on the multifractal formalism (Arneodo et al., 1995) . The moment q of the measure distributed on the WTMM hierarchy is used to define the dependence of the scaling function on the moment q, so that the partition function Z (q, s), of the q-th moment of the measure distributed over the WTMM at the scale s, and it can be written as
where y n is the position of all local maxima at a fixed scale s. Often scaling behavior observed for Z (q, s) and the spectrum τ (q), which describes how Z scales with S, can be defined as follows:
Then, the multifractal spectrum is obtained by applying the Legendre transformations to τ (q). If there is a system that has a monofractal structure, then we obtain a straight line in linear plot of τ versus q. When the τ (q) exponents in Eq. (5) are in the form of straight line, the time series is a monofractal; otherwise, the time series is a multifractal (Oswiecimka et al., 2006) .
Results and discussion
In order to analyze the influence of quasi-periodic oscillations from CME on the multifractal spectra, we applied the Eq. (5) in the four time series with CME part and after CME time series ones. The multifractal spectra method was applied to the length of the time series equivalent to the duration of the CME intervals, as shown on Table 1 . Thus, we use the same length of the time series after the same CME events. Figure 3 shows the values of the τ -spectrum for all the time-series data. Note that the both τ -spectra are curved, indicating the multifractal nature. However, the τ -spectrum for the case where the CMEs are present is less curved, if compared with results after these CME events. Thus, it is possible to conjecture that, during the CME events, there are physical phenomena that are well defined, such as magnetic coherent structures, as shown in Fig. 5 (Chang et al., 2006) . By visual inspection in Fig. 4 , where we plotted the mean values of the singularity spectrum f (α) for both categories (during the CMEs and after CME events), we note that in the both curves there is a stronger multifractality degree. It is due to the large w = α max − α min , which is observed during and after CME. It is noteworthy that, although the w parameters are very closed (w = 1.16 during the CME and w = 1.19 after the CME), the values for α max are slightly different: α max = 1.12 (during the CME) and α max = 0.91 (after the CME). In our previous work (Bolzan et al., 2009c) , by using the H-component of the geomagnetic field obtained in Brazil, we found greatest values of the α max for time series with strong presence of the deterministic phenomena, such as solar daily variation on geomagnetic field. This fact indicates that the presence of the strong and deterministic phenomena Fig. 3 . Multifractal spectral from time series during CME events, after CME events and monofractal case (straight black line). The legends indicate every event studied. Fig. 4 . Mean values of the singularity spectra, f (α), for two categories: with and without CME events.
contributes to decrease the multifractal characteristics on the time series. The same result also was observed in another kind of the time series, specifically the vertical total electron content (VTEC) (Bolzan et al., 2009a) .
Before we try to explain both distinct behaviors (during and after CME), it is necessary to have in mind the following concepts. Chang et al. (2006) have defined the term of dynamical complexity which refers to the nonlinearly interacting dynamics among magnetic coherent structures of different sizes. One kind of such structures is shown in Fig. 5 .
According to the idea mentioned before, it is possible to visualize the action of these structures over an IMF B z component time series of November 2003. Figure 6 shows a schematic approach. These structures are energetic physical phenomena that have a geometric form predominant in the CME, causing an almost well-deterministic behavior that reduces the multifractality degree, because this phenomenon privileges only a few scales. After the CME, the system presents several kinds of the small structures and its different sizes, causing the increase of multifractality degree, where this elevation of the multifractal degree is necessary to promote the re-distribution of energy from CME down to dissipation scales.
Our result corroborates with results from Telesca et al. (2004) , who found also a decrease of multifractality degree in geomagnetic time series due to the presence of the powerful oscillations. Thus, it is possible to conjecture that, for the CME events, there are physical phenomena that are well defined, such as magnetic coherent structures, and are responsible for the decrease of the multifractality degree observed in our results.
Following a complementary approach, non-extensive statistics has been used to understand the nonlinear magnetic processes in several space physics phenomena (e.g. Bolzan et al., 2005b; Balasis et al., 2008) . Recently, this type of statistical analysis was applied to study the variability of the Dst index and also detected the presence of two characteristic dynamic regimes: (i) a variability pattern of high organization associated with intense storms, and (ii) another more irregular variability pattern associated with intermittent disturbances (Balasis et al., 2008) . Although these studies have been performed for time series of the Dst index, they are associated with the same system that responds by geomagnetic activity. In this sense, these results, in conjunction with what we find here, suggest that the presence of coherent structures reduces the degree of multifractality of the system and may modulate the degree of organization of nonlinear processes in the interplanetary space. 
Concluding remarks
In this article, we analyze a set of characteristic data of the IMF-B z component obtained by ACE satellite during the coronal mass ejection (CME) events. These events are interpreted as a nonlinearly interacting dynamical system characterized by the presence of large-scale coherent structures of different sizes (Chang et al., 2006) . Our multifractal analysis showed that the presence of these strong and well-behaved structures in the CME decreases the multifractality degree, if compared with periods after the CME events. This result corroborates with Telesca et al. (2004) , who have also observed this behavior on geomagnetic time series where, according to them, the multifractality degree of the signal is strongly reduced by the presence of powerful oscillations. This behavior was also observed in our previous works using a different kind of time series from geomagnetic fluctuations and related data (Bolzan et al., 2009a, c) . Our results, together with others which characterize the global environment interplanetary plasma, suggest that low values of the degree of multifractality can be directly associated with the presence of coherent structures. Thus, the technique used here serves as a tool to detect coherent structures present in the geomagnetic dynamics, especially when studied within the context of solar-terrestrial physics.
